Assisted Tunneling in Ferromagnetic Junctions and Half-Metallic Oxides 
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Different mechanisms of spin-dependent tunneling are analyzed with respect to their role in tunnel 
magnetoresistance (TMR). Microscopic calculation within a realistic model shows that direct tun- 
neling in iron group systems leads to about a 30% change in resistance, which is close but lower 
than experimentally observed values. The larger observed values of the tunnel magnetoresistance 
(TMR) might be a result of tunneling involving surface polarized states. It is found that tunneling 
via resonant defect states in the barrier radically decreases the TMR by order of magnitude. One- 
magnon emission is shown to reduce the TMR, whereas phonons increase the effect. The inclusion 
of both magnons and phonons reasonably explains an unusual bias dependence of the TMR. The 
model presented here is applied qualitatively to half-metallics with 100% spin polarization, where 
one-magnon processes are suppressed and the change in resistance in the absence of spin-mixing 
on impurities may be arbitrarily large. Even in the case of imperfect magnetic configurations, the 
resistance change can be a few 1000 percent. Examples of half-metallic systems are Cr02/Ti02 and 
Cr0 2 /Ru0 2 . 
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Tunnel magnetoresistance (TMR) in ferromagnetic 
junctions, first observed more than a decade ago, Era is of 
fundamental interest and potentially applicable to mag- 
netic sensors and memory devicesfl This became par- 
ticularly relevant after it was found that the TMR for 
3d magnetic., electrodes reached large values at room 
temperatureu, and junctions demonstrated a non- volatile 
memory effect. 

A simple model for spin tunneling, that has been for- 
mulated by Jullierea and further developed inja is ex- 
pected to work rather well for iron, .cobalt, and nickel 
based metals. The microscopic modelQ is in good agre£= 
ment with experimental results on bulk polarizations!™ 
and measured and calculated Fermi surfaces of 3c? met- 
als. However, it disregards important points such as 
impurity- assisted and inelastic scattering, tunneling into 
surface states, and a reduced effective mass of carriers 
inside the barrier. These effects are important for proper 
understanding of the behavior of .actual devices, like pe- 
culiarities in their I — V curves,Q and will be analyzed 
below. A couple of half-metallic systems, which could in 
principle achieve an ultimate magnetoresistance at room 
temperatures and low fields, will be discussed. 

The model that we will consider below includes a 
Hamiltonian Hq for non-interacting conducting spin-split 
electrons separated by a barrier, electron-phonon interac- 
tion Ti. ep , and exchange interaction of carriers with local- 
ized di electrons H. x , the latter giving rise to an electron- 
magnon interaction. Impurity term Hi will correspond to 
a short-range confining potential producing defect states 
in the barrier, 



H = Ho + Tien + H x + H 



(1) 



Magnetoresistance (MR) is a relative change in a junc- 
tion conductance with respect to the change of mutual 
orientation of spins from parallel (G p ) to antiparallel 
(G AP ). The MR depends i-OTly on effective polarization 
Pfb of tunneling electronsau 



MR : 



G p -G 
Gap" 



AP 



2P FB Pl 



FB 



Tunneling current is then evaluated within a general lin- 
ear response formalism] 
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The most striking feature of Eq. ^) is that the MR tends 
to infinity when both electrodes are made of a 100% spin- 
polarized material (P = P' = 1), because of a gap in 
the density of states (DOS) for minority carriers. Such 
half-metallic behavior is rare, but some materials pos- 
sess this amazingrfiroperty, most interestingly the oxides 
Cr02 and Fe304.@ These oxides have potential for future 
applications in combination with lattice-matching mate- 
rials, as illustrated below. 

The* full calculation of a TMR within microscopic 
modelfl due_ to direct tunneling can be performed 
numerically^ and it gives a value of about 30% at low 
biases. Note that electric field present in a biased bar- 
rier skews its shape, thus making it more transparent for 
'hot' electrons tunneling at energies where the difference 
between the DOS of majority and minority carriers is 
reduced. As a result the TMR in the direct tunneling 
decreases with the increased bias. 

In a half-metallic case we obtain zero conductance G AP 
in the AP .configuration at biases within the half-metallic 
band gap.tJ Even at 20° deviation from the AP configu- 
ration, the value of MR exceeds 3,000% within the-half- 
metallic gap, and this is indeed a very large value.tl 

Presence of impurity/defect states in the barrier would 
result in a resonant tunneling of electrons. Comparing 
the direct and the impurity- assisted contributions to con- 
ductance, it is easy to see that the latter dominates when 
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the density of impurity states exceeds ~ 10 17 cm _3 eV _1 B 
When impurities take over, the magnetoresistance is 
again given by the Julliere's formula where the effective 
polarization II is that of impurity 'channels'!?! 



MRi = 2U n'/(i -n n'), 



(3) 



and it gives a value of about 4% for MRi in the 
case of Fe with non-magnetic impurities. The value 
of MR is reduced since generally II < Pfb because 
of mixing of the tunneling electron wave function with 
non-polarized defect states. In the case of magnetic 
impurities (spin-flip centers) the TMR will be even 
smaller. At the same time, conductance may be sub- 
stantially increased. Tfe*pe predictions^ have been con- 
firmed experimentally^!! Resonant diode type of struc- 
ture gives similar results. □ 

Direct tunneling, as we have seen, gives TMR of about 
30%, whereas in recent experijpaents TMR is well above 
this value, approaching 40%Bliil It would become clear 
below that this enhancement is unlikely to come from the 
inelastic processes. 

Up to now we have disregarded the possibility of lo- 
calized states at metal-oxide interfaces. Keeping in mind 
that the usual barrier AlO^ is amorphous, the density of 
such states may be high. We have to take into account 
tunneling into/from those states. The corresponding tun- 
neling MR is found to be 
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where P s is the polarization and D s is the average 
density of surface states, and 9 is the mutual an- 
gle between moments on electrodes. The parameter 
B ~ [2nh 2 mfi/ (rn^w)] exp(— 2nw), where w is the bar- 
rier width, k is the absolute value of electron momen- 
tum under the barrier, m and m,2 are the free elec- 
tron mass and the effective mass in the barrier, respec- 
tively. The corresponding magnetoresistance would be 
MR bs = 2P PB P s /(l-P PB P s ). 

It is easy to show that the bulk-to-surface conductance 
exceeds the bulk-to-bulk one at densities of surface states 
D s > D sc ~ 10 13 cm~ 2 eV~ 1 per spin, comparable to 
those found at some metal-semiconductor interfaces. 

If on both sides of the barrier the density of surface 
states is above the critical value -D sc , the magnetoresis- 
tance would be due to surface-to-surface tunneling with 
a value given by MR SS = 2P sl P s2 /{l - P s iP s2 )- If the 
polarization of surface states is larger than that of the 
bulk, as is often the case even for imperfect surfaces ,E3 
then it would result in enhanced TMR. 

Inelastic processes with excitation of magnon or 
phonon modes introduce new energy scales into the prob- 
lem (30-100 meV) which correspond to a region where un- 
usual I — V tunnel characteristics are seen (Fig. [I]). We 



obtain for magnon-assisted inelastic tunneling current at 
T = Q: 

/p^yE Xa 9l9? I dL0 P T 9 (")(eV - Lo)0(eV - u), 
X R gfgf f dup™ aa (w){eV ~ tu)6(eV - u) 
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+ X L gfgf I dupr 9 (u)(eV-L,)9(eV-uj) 



(5) 



where X is the incoherent tunnel exchange vertex, 
p™ a9 (u>) is the magnon density of states that has a gen- 
eral form p™ ag (uj) = {v + \)u) v /u)q + , the exponent v de- 
pends on a type of spectrum, luq is the maximum magnon 
frequency, g L ( R ) marks the corresponding electron den- 
sity of states on left (right) electrode, 9{x) is the step 
function, a = L, R. 

For phonon-assisted current at T = we obtain 

= ¥ E I **&>meV - u)6(eV - u), 

act 

9a9 R a J du& h (u;)P£(eV - Lu)9(eV - u), (6) 
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where P w is the phonon vertex, P^/X — juj/ujjj, where 
7 is the constant and ujd is the Debye frequency, a is the 
spin index, p^ 1 is the phonon density of states, a marks 
electrodes and the barrier. 

The elastic and inelastic contributions together will de- 
fine the total junction conductance G — G(V, T) as a 
function of the bias V and temperature T. We find that 
the inelastic contributions from magnons and phonons 
(I)-©, respectively, grow as G x {V,0) cx {\eV\/uj Q Y +1 
and G ph (V,0) oc (cV/ujd) 4 at low biases. These contri- 
butions saturate at higher biases: G X (V, 0) oc 1 — T^ffyy 

at \eV\ > uj ; G ph (V,0) cx 1 - |^ at \eV\ > u D . This 
behavior would lead to sharp features in the I — V curves 
on a scale of 30-100 mV (Fig. 0). 

It is important to highlight the opposite effects of 
phonons and magnons on the TMR. If we take the case 
of the same electrode materials and denote D = g^ and 
d = gi then we see that G%{V, 0) - G X AP (V, 0) cx -(£> - 
d) 2 {\eV\/u) ) u+1 < 0, whereas Gf(V,0) - Gf p (V,0) oc 
+(D— d) 2 (eV / uj d) 4 > 0, i.e. spin-mixing due to magnons 
decreases the TMR, whereas the phonorp,tend to reduce 
the negative effect of magnon emission. t 3 ] Different bias 
and temperature dependence can make possible a sepa- 
ration of these two contributions, which are of opposite 
sign. 

At finite temperatures we obtain the contributions 
of the same respective sign as above. For magnons: 
Gp(0,T) - G^p(0,r) oc —(D — d) 2 (—TdM/dT) < 0, 
where M — M(T) is the magnetic moment of the 
electrode at a given temperature T. The phonon 
contribution is given by a standard Debye integral 
with the following results: G^(0,T) - G%{Q,T) oc 
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+ (D - df{T/uo D ) A > at T < u D , and G p p h (0,T) - 
G^p(0,T) cx + (£> - d) 2 {T/u D ) at T > Wd. It is worth 
mentioning that the magnon excitations are usually cut 
off by e.g. the anisotropy energy K an at some u> c . There- 
fore, at low temperatures the conductance at small biases 
will be almost constant. 

It is very important that in the case of half-metallics 
Pfb = II = 1, and even with an imperfect barrier 
the magnetoresistance can, at least in principle, reach 
any value limited by only spin-flip processes in the bar- 
rier/interface. We should note that the one-magnon ex- 
citations in half-metallics are suppressed by the half- 
metallic gap in electron spectrum. Spin-mixing can only 
occur on magnetic impurities in the barrier or interface, 
the allowed iwo-magnon excitations in the electrodes do 
not result in spin-mixing. 

The examples of systems with half-metallic behavior 
are Cr0 2 /Ti0 2 and Cr0 2 /Ru0 2 (Fig. |).B They are 
based on half-metallic Cr0 2 , and all materials have the 
rutile structure with almost perfect lattice matching. 
This should yield a good interface and help in keeping 
the system at desired stoichiomctry. Ti0 2 (Ru0 2 ) are 
used as the barrier (spacer) oxides. The half-metallic be- 
havior of the corresponding multilayer systems is demon- 
strated by the band structures calculated within the lin- 
ear muffin-tin orbitals method (LMTO) in a supercell 
geometry with [001] growth direction (Fig. |J). The cal- 
culations show that Cr0 2 /Ti0 2 is a perfect half- metallic, 
whereas (Cr0 2 ) 2 /Ru0 2 is a weak half-metallic, since 
there is some small DOS around Ep. 

The main concerns for achieving a very large value 
of magnetoresistance with half-metallics will be spin-flip 
centers and imperfect alignment of moments, provided 
that other, e.g. many-body, effects are small. As for con- 
ventional tunnel junctions, the present results show that 
the defect states in the barrier, or a resonant state like in 
a resonant tunnel diode type of structure, reduces their 
magnetoresistance by several times but may dramatically 
increase the current through the structure. The inelas- 
tic processes are responsible for the unusual shape of the 
I — V curves at low biases, and their temperature be- 
havior, which is also affected by impurity-assisted tun- 
neling. The surface states assisted tunneling may lead 
to enhanced TMR, if their polarization is higher than 
that of the bulk. This could open up ways to improving 
performance of ferromagnetic tunnel junctions. 

I am grateful to T. Anthony, G.A.D. Briggs, J. Brug, 
J. Moodera, N. Moll, J. Nickel, and R.S. Williams for 
useful discussions. 
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FIG. 1. Fit to experimental data for the magnetoresis- 
tance of CoFe/A^Os/NiFe tunnel junctions [9] with inclu- 
sion of elastic and inelastic (magnons and phonons) tunnel- 
ing. The fit gives for magnon DOS cx a; 0,65 which is close to 
a standard bulk spectrum cx oj 1//2 . 13 
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